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ABSTRACT 


Based  on  work  performed  by  various  engineers  and 
scientists,  (Straub,  et  rwt';  Taylor;  Williams;  Horikawa; 
etc.),  small  scale  experiments  were  performed  to  compare 
the  performance  of  a  hydraulic  breakwater  for  attenuation 
of  various  random  wave  spectra  to  monochromatic  waves. 
Previous  experiments  were  conducted  in  the  presence  of 
monochromatic  waves  and  wind  generated  waves,  the  wind 
generated  waves  being  closer  to  natural  occurrences  than 
monochromatic  waves. 

Pour  wave  spectra,  Derbyshire,  Pierson,  ITTC  and 
Jonswap,  were  generated  against  a  breakwater  set  at  a 
fixed  depth  and  fixed  jet  area  per  foot  (maximum 
mechanically  attainable)  while  varying  the  flowrate. 

The  results  indicate  a  much  larger  discharge  require¬ 
ment  for  the  attenuation  of  random  waves  to  the  same 
degree  as  monochromatic  waves  of  similar  magnitude.  This 
is  due  to  the  fact  that  the  breakwater  does  not  work  as 
well  on  the  longer  waves  of  the  spectrum  as  it  does  on 
the  shorter  waves. 
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LIST  OP  SYMBOLS 


a  =  boundary  condition  constant 

=  channel  cross-sectional  area 

c 

=  cumulative  jet  area 
b  =  boundary  condition  constant 
=  initial  condition  constant 
Bg  =  initial  conditon  constant 
C  =  initial  condition  constant 
d  =  water  depth 
Pr  =  Proude  Number 

g  =  gravitational  acceleration  constant 


h  *  depth  of  jet-induced  current 
HAVG  =  averaSe  incident  wave  height 
^MAX  =  maximum  incident  wave  height 
HgiQ  =  significant  incident  wave  height 
iLpSIG  =  significant  transmitted  wave  height 
k  =  wave  number  (integer) 

L  a»  wave  length  of  transmitted  wave 
Lq  =  wave  length  of  incident  wave 
q  *  discharge  per  foot  of  breakwater 
Q  s»  total  discharge  of  breakwater 
t  =  t ime 


T  :  *  wave  period 

Tp  »  peak  wave  period  of  wave  spectrum 


V  =  mean  velocity  from  v/ater  jets  and  surface  currant 
x  =  horizontal  space  coordinate 
y  =  vertical  space  coordinate 

Zg  =  Taylor’s  non-dimensional  coefficient  relating 
wave  length  to  surface  current  parameters 

=  surface  current  velocity  potential 

=  velocity  potential  below  surface  current 


INTRODUCTION 


Wave  attenuation  by  surface  currents  created  by 
pneumatic  and  hydraulic  breakwaters  has  been  studied  for 
many  years.  Studies  of  pneumatic  breakwaters  will  not  be 
discussed,  except  to  cay  the  early  research  of  hydraulic 
breakwaters  was  directly  related  to  the  pneumatic  break¬ 
water  experimental  results,  ie,  the  horizontal  current  set 
up  near  the  water  surface  by  the  rising  bubbles  was  the 
main  cause  for  wave  attenuation,  as  is  the  case  of  the 
current  set  up  by  the  horizontal  water  jets.  The  major 
motivation  for  the  development  of  hydraulic  breakwaters 
was  to  develop  a  transportable,  easily  erected  and  operated 
breakwater  to  expedite  emergency  operations,  such  as  oil 
spill  clean  up  or  salvage.  The  breakwater  could  be  stowed 
on  a  vessel,  installed  where  needed  and  operated  by  pumps 
already  installed  on  the  ships.  Another  application  would 
be  to  use  the  breakwater  during  off-shore  or  coastal  con¬ 
struction,  such  as  bridge,  pier  and  platform  construction, 
where  no  breakwater  existed  before  or  would  be  needed 
after  construction  was  completed.  There  are  also  various 
military  applications. 

A  hydraulic  breakwater  is  formed  by  discharging  water 
under  pressure  through  a  series  of  orifices  or  nozzles  in 
a  manifold  in  a  direction  opposite  to  incident  waves.  As 
the  water  jets  from  the  breakwater  interact  with  the  sur¬ 
rounding  water,  a  high  degree  of  turbulence  is  generated. 
This  turbulence  and  diffusion  eventually  create  a  horizontal 
current.  When  waves  enter  this  current,  part  of  their 
energy  ia  dissipated.  As  a  result  of  this  energy  loss, 
the  height  of  the  transmitted  waves  beyond  the  breakwater 
is  less  than  that  of  the  incident  waves,  with  100%  attenua¬ 
tion  as  a  goal. 


Hydraulic  breakwaters  were  heavily  studied  in  the 
mid  to  late  1950's.  Taylor^-  manipulated  mathematical 
equations  for  two  surface  current  profiles,  one  constant 
with  depth,  the  other  linearly  decreasing  with  depth,  for 
100%  wave  attenuation.  He  showed  the  relationship  between 
horizontal  current  velocity  and  attenuation  of  incoming 
waves.  Experimental  results  have  shown  that  the  linearly 
decreasing  velocity  profile  is  a  close  approximation. 

For  this  current,  he  represents  waves,  of  wave  length 
L=  2fr/k  and  frequency  T/2tr,  by  velocity  potentials  (j)-, 
on  the  surface  current  and  (j)^  below  the  currents 

-V(B^ky  +  B2e-ky)  ei<k*-Tt> 

4>2=  Cek<y+h)  e1(k*-Tt) 

x ( kx-T t } 

if  the  surface  wave  is  y=ae  and  the  lower  surface 

kx^*T"t  1 

is  y=-h+t>e  (k>0).  He  then  non-dimensionalizes 

these  equations  and  finds  the  relationship: 

Z 2 — 2  /  i*Q  =  hs/ V2 

with  h=  depth  of  current,  Lq=  wavelength  of  incident  waves, 
g=  gravitational  acceleration,  v2=  velocity  needed  to 
completely  attenuate  the  waves  and  «2  is  a  coefficient 

defined  as  g/vT,  T  =  wave  period.  He  tabulates  values  of 

2 

o<2  as  a  function  of  LQ/2th  =  ^^2  in  Table  4. 

As  an  example,  LQ=  5  ft.,  k=l,  h=5in.,then  LQ/2  tr  h=l  .91 , 
and  from  Table  4,  -<*,=2.60  then,  2  rr  h  <*  2/  LQ=3. 54=hg/v|, 
and  V2“  1.95  fps.  An  approximate  flow  rate  through  the 
jets  necessary  to  create  the  required  velocity  can  be 
calculated  if  the  area  of  the  current-creating  jets  is 
known.  Say  =  .005  sf.  Then,  Q='v?aj  =  .01  cfs  is 
needed  to  attenuate  the  waves. 

.  t 
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Evans  performed  model  studies  showing  the  importance 
of  the  surface  current  generated  by  the  breakwater's  jets. 

He  states  and  shows  that  waves  may  be  stopped  by  a  sufficiently 

thick  opposing  surface  current  and  that  the  period  of 

the  waves  remains  unchanged  as  they  pass  into  the  current. 

His  experiments  showed  that  waves  will  be  at  least  partially 
damped  by  the  turbulent  action  caused  by  a  counter-current. 
Evans'  tests  were  for  shallow  water  conditions,  where  as 
Tay .  r's  equations  are  for  infinitely  deep  water. 

Straub,  et  al , ^  ^  performed  two  separate  scale  experi¬ 
ments  to  determine  scale  effects  and  horsepower  require¬ 
ments  for  efficient  operation  of  hydraulic  breakwaters. 

As  test  parameters,  they  varied, jet  area  per  foot  of 
breakwater,  jet  angle  of  attack,  jet  depth  per  water  depth, 
jet  discharge  and  number  of  jet  nozzle  manifolds.  Their 
data  are  presented  in  dimensional  and  non-dimensional  form. 

It  was  determined  that  the  scaling  factor  is  the  Proude 
2  2 

Number,  Pr  =V  /gd=  constant,  jet  depth  for  best  results 
is  .91  water  depth  from  the  bottom,  so  as  to  stay  below 
the  wave  troughs,  and  jet  area  per  foot  of  breakwater 
should  be  maximized. 

Using  the  example  from  above,  wave  length  LQ=b  ft, 
depth  d=  2  ft,  jet  area  a^=  .01  sf  and  graphs  from  Straub, 
et  al, 


V  d  =  2.5 


.  «, 


jet  submergence  =21.4  inches  from  the  bottom.  Prom  their 
Pig.  5,  discharge  per  foot  of  breakwater  q=  .018  cfs  for 
90%  attenuation  of  the  waves.  And  from  their  Pig.  8,  for 
100%  attenuation,  q=  ..018  cfs.  Horsepower  and  discharge 
requirements  as  functions  of  a^  are  found  in  their  Pig.  6 
In  dimensionless  form. 
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Other  studies  were  conducted,  no  tub!}  thr*'*e~ 

.  \  ^ 

dimensional  studies  by  Straub,  et  al  and  Horikav/a,  " 

to  determine  the  area  of  pm  tec  tier  ».-i  hi  5  hr-  Una 

that  are  set  at  various  angles  to  the  at r.uki; incident 

wave  trains;  a  breakwater  installed  aboard  a  ship  (Dilley^) 

to  protect  the  ship  and  mooring  system  baring  operations 

in  deep  water;  the  verification  of  the  Fronde  Number  as 

7 

the  scaling  factor  (Williams  ),  as  gray  it'/  i  orces  on  the 
free  water  surface  play  an  impo*  1-  . :  l  tn-nuat  ion 

s 

process;  and  attenuation  of  win  -  ■  ;  u  <'\Vi  II  i  and  Wiegel  ) 

the  closest  to  :  at c  ■  <  U-  that 

longer,  deeper  waves  rare  not  attenuated  as  effectively 
as  the  shorter,  shallower  waves.  Rue1  end  ibce,  Richey 
and  Rao10  updated  and  reverified  previously  collected 
data  for  deep  water  waves.  It  was  determined  by  these 
experiments  that  horsepower  requirements  might  be  less 
than  previously  expected,  but  further  studies  would  have 
to  be  performed. 

Most  previous  experiments  were  conducted  using  mono¬ 
chromatic  waves.  It  will  be  attempted  to  show  a  very 
limited  case  of  the  hydraulic  breakwater,  with  fixed  ,;et 
area,  fixed  jet  angle  and  fixed  jet  submergence.  Various 

random  wave  spectra  attenuation  will  be  compared  to  Straub, 

3 

et  al  ,  results  aa  to  efficiency  of  the  hydraulic  break¬ 
water.  The  wave  spectra  used  wore  Derbyshire,  ITTC,  Jonswap 
and  Pierson-Moskowitz ,  as  these  were  library  spectra 
installed  in  the  wave  generator  system.  Table  2  shows  the 
equation*  used  to  describe  the  various  wave  spectra.  A 
sample  of  the  strip  chart  generated  by  the  ITTC  'spectrum 
at  q=  .03  cfs/ft  is  shown  in  fix.  1 


DISCUSSION  Oii  JUTS 


A  basic  axiom"^  of  jet  hydraulics  state::  that  the' 
entire  kinetic  energy  of  a  jet  will  be  dissipated 
through  reaction  with  the  surrounding  fluid.  And  the 
Newtonian  principle  of  action  and  reaction  makes  it  plain 
that  deceleration  of  the  fluid  in  the  jet,  caused  1 y 
turbulent  diffusion,  occurs  through  simultaneous  acceleration 
of  the  surrounding  fluid.  The  prediction  of  the  surface 
velocity  and  thickness  of  the  surf  tv*  *  a;-.  1  i'i  >  .1  the 
discharge  of  the  water  jets,  is  an  cs  r-.-ot.  an  .  otor  in  the 
practical  use  of  hydraulic  breakwaters . 

A  way  of  predicting  the  jet's  velocity  profile  io 

given  by  Albertson,  et  al^.  He  gives  expressions  for 

both  slots  and  circular  orifices.  For  a  slot  width  equal 

to  orifice  diameter,  and  all  other  parameters  equal,  the 

maximum  slot  velocity  is  less  than  the  maximum  orifice 

velocity,  both  measured  on  the  centerline,  respectively. 

Albertson,  et  al,  present  various  non-dimensional  plots 

of  velocity  profile  parameters  for  the  use  of  engineers 

12 

and  designers.  Jen,  et  al  ,  bring  in  the  effects  of 
temperature,  but  in  the  experiments  reported  on  in  this 
paper,  these  effects  are  neglected. 


Irfkfki-'  ■ 

.Uj-.'i  ;  u  r.  - 
*  {j:  >’•  ■I'-Jpi 

’■  y 1  '  !•  • 
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APPARATUS 


The  experimental  apparatus  consists  of  a  wave  tank, 
wave  generator  and  hydraulic  breakwater.  The  tank  is  a 
120  ft  long,  24.5  inch  wide,  two-dimensional  glass  walled 
flume.  The  wave  generator  is  located  at  the  head  of  the 
tank,  while  a  wave  absorbing  beach  is  at  the  end.  Water 
depth  was  kept  constant  at  20  inches  (fig.  2).  The  channel 
area,  a  =  ( 24 . 5)(20)/144 -  1.401  £-f . 

The  jet  nice  ana  manifold  placement  /.ere  approximated 
using  Straub,  et  al ,  results.  The  breakwater  consists  of 
a  1.5  inch  I.D.  FVC  pipe  manifold  fed  through  a  central 
Tee  junction  by  a  pump  rated  at  aO  gpm  through  a  1.5  inch 
I.D.  pipe  (fig.  3).  The  breakwater  manifold  is  secured 
at  a  fixed  height  from  the  bottom  of  the  tank\  18.25  inche 
(.91  depth).  The  manifold  has  twenty-two  7/32  inch  brass 
nozzle  jets  spaced  1  inch  apart  center  to  center,  for  a 
total  jet  area  a,=  .827  sqin.  The  jet  area  was  set  so  as 

tJ 

to  be  maximum  mechanically  possible.  This  gave  a  jet  area 
to  channel  area  ratio  of  .00169. 

The  wave  generator  is  a  Seasim  Modular  Wave  Making 
system,  consisting  of  a  Seasim  Programmable  Spectrum  Random 
Signal  Generator,  a  Rolling  Seal  Wave  Maker  RSW  30-60, 
and  a  Servo  Control  Amplifier  LSC  24-48.  The  breakwater 
was  set  into  the  tank  45  ft  from  the  wave  generator,  with 
two  resistance-type  wave  gages,  one  po  ft  ahead  and  one 
20  ft  behind  the  breakwater  (fig.  2). 

To  determine  the  maximum  discharge  requirement,  and 
from  this  the  pump  size  necessary,  Straub,  et  al^ ,  Pig.  8. 
was  used.  A  maximum  flow  rate  per  foot  of  breakwater 
q*  *025  cfs/ft  was  chosen,  since  100#  attenuation  of 
wave  lengths  used  in  this  experiment  occur?. d  before  this 
value  waa  reached.  Thus,  an  estimated  ^  ;  (  .025) ( 2.04)  = 

.051  cfs=  22.5  gpm  was  needed  at  the  so;-./, I'm;  if  the 


breakwater.  It  was  thought  that  the  'hiiwraj  ty  *s  water 
supply  would  be  sufficient  to  deliver  trie  required  flow 
rate,  but  after  preliminary  tests  was  determined  unaccept¬ 
able.  The  laboratory  pump  usee!  was  rated  at  10  gpin 
through  a  1.5  inch  pipe.  Water  was  fed  to  the  pump 
directly  from  the  tank,  the  suction  end  far  away  from 
the  experimental  apparatus,  so  the  water  level  in  the 
tank  would  remain  essentially  constant.  An  orifice 
meter  was  installed  in  the  pump  outlet  1  l;v-.  ■■■.-■■{  attached 
to  a  mercury  manometer  to  be  able  to  accurately  measure 
the  flow  rate  from  the  pump  to  the  brcelwu  ter. 


In  all  the  torts  p r.-  i 
of  all  t-r.  v.  •  '■ 

This  is  probably  ( 
is  made  o  ■'  ...a.rr'  . 

shorter,  steeper  v.-r 
longer  w  a  v  e  3  v  1 t  a.  ..  • 

of  the  t;'  . nr  mi. 1  •  :■  '  = 

creased  apr.ro>:  2  tv 4  • :  -•  •  -  '  -  ' 

attenuate?.  ?  .,!  .•  ■ .  * 

The  wave*  Le,r; 

L  ,  -  >. . 

Tp=  peak  v.  vc  re, ■  .  '  ' 

d=  water  depth  one  hr-  , 

peak  period  o C  t h  A  ,  •  \  ■  ’■ 

attenuation  was  no  l,  0  eta  .uci,  c 
et  al,  horsepower  cn i 
made.  However,  :  Ur  u  n. 
data  and  the  various  wave  spec  ta¬ 
in  figure  4. 

Figure  4  shows  an  attenuat j 
for  no  discharge,.  This  >as  boo:- 

manifold  itself 

diameter  being  of  tin"  •  rn,-,* 

wave  heights  a:oi  v ;  •  a  ‘ 

The  ratio  of  the-  myn:  '  r  :  ■  o.J  ...  ■ 

in  these  experimvrto  v  • . •  ■  r.t 
Straub,  et  al  ,  tj  0  >i  v*' 

The  most  str  A k  j  n 5;  d  5  »  f ore 0 >- 
and  monochromatic  v; r.'- <•  .-t  tr-rui.*'. '  1 
1  . 


tp  discharge  is  increasing  at  a  much  slower  rate  for  random 
waves  than  for  monochromatic  waves.  This  would  lead  one 
to  believe  it  requires  more  discharge,  and  therefore  more 
power,  per  foot  of  breakwater  10  attain  the  same  degree 
of  attenuation  of  random  waves  of  the  same  significant 
period  and  height  as  the  period  and  height  of  a  monochro¬ 
matic  wave  train,  with  the  same  breakwater. 

The  attenuation  of  each  different  spectrum  was  cal¬ 
culated  for  each  of  average  wave  height,  significant  wave 
height  and  maximum  wave  height, .  calculated 

using  a  fast  Fourier  U -  uniform  (smooth;  b  peri  odogrtua) 
computer  program  written  at  Texas  Ai?>’  University.  In 
all  cases,  the  same  amount  of  attenuation  v.r-c  achieved, 
so  only  the  significant  wave  heights  of  the  transmitted 
waves  were  tabulated  in  Table  1 .  The  significant  wave 
height  was  chosen  as  this  is  normally  chosen  as  the 
design  wave  for  most  applications. 

It  was  noted  that  the  water  in  front  of  the  break¬ 
water  rose  slightly  at  high  rates  of  discharge,  except 
directly  in  front  of  the  breakwater.  The  velocity  of 
the  water  jets  caused  the  surrounding  water  to  be  pulled 
away  from  the  breakwater,  by  the  interactive  forces 
discussed  above,  at  a  higher  rate  then  th  ■  water  behind 
the  breakwater  could  naturally  fill  the  void.  No  solution 
to  this  problem,  if  it  is  a  problem,  will  hr  put  forward. 


CONCLUSIONS 


: 

1.  The  rate  of  attenuation  for  Uu  random  wn spectra 
tested  is  less  than  comparable  monochromatic  waves, 
by  approximately  a  factor  of  2. 

2.  Using  the  above  as  a  guide,  horsepower  and  efficiency 
comparisons  would  most  probably  be  affected  in  a 

similar  manner. 

3.  The  shorter  waves  of  the  spectra  were  attenuated 

out  by  the  breakwater,  but  the  longer  v;avea  continued 
through  virtually  unaffected. 

4.  Comparison  of  attenuation  of  average,  significant  and 
maximum  wave  heights  showed  they  were  equal. 


TABLES 

AND 

FIGURES 
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TABLE  1.  SUMMARY  OF  EXPERT !'. 


:  try 


t  n  <  • i  • 


Derbyshire  Spectrum  Tp~  .9  8s  f.  /<-r  3.03 


hsig=  1,25  in 

H,  ,f  ,=  .61  i  n 

/v  VO 

y  i  . 69  in 

.vi  . «. 

q(cfs/ft) 

Hfp^i^Cin)  Attenua*iyn 

Vsoc) 

0 

.98 

1  .16 

.018 

.92 

1.16 

.029 

.80  . 39 

1.16 

.041 

.67 

1.16 

Pi  e  r  s  o  n  -LIo  s  kow  it/. 

ft  .  ..  .  ,  . 

Of  „  0  i  .  . .  1 

"  p 

L./'d...  3.27 

hsig=  1,87  in 

have 

#  €  )  6  I  l  1 

E.  .  v  1 . 74 in 

q( cf s/f t )  I 

^TSIG^ 

Attenuation 

T  (sec) 

0 

1.01 

.  2  6 

.98 

.020 

.89 

.35 

1.16 

.028 

.79 

.43 

1.16 

.047 

.  60 

.56 

1.28 

# 


ITTC  Spectrum 

Tp=  .98s 

LQ/d=  3.63 

hsig=  1*4-3  in 

have~ 

:  .89  in 

%AX=  1,82  in 

q(cfs/ft) 

htsig^ in^ 

Attenuation 

T  ( sec) 

0 

.93 

.35 

1.16 

.018 

.88 

.38 

1.16 

.03  0 

.70 

.  51 

1.16 

.042 

.  56 

.  61 

1.28 
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Figure  3.  Breakwater  Manifold 


